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Abstract

Free-space optical (FSO) communication is a line of sight (LOS) technology and has
significant advantages and attractive applications. Recently, spectrum slicing wavelength
division multiplexing (SS-WDM)-based FSO systems provide improved link range, high
capacity, and efficiency. In this chapter, the SS-WDM-based FSO system is proposed with
four channels to increase the performance of communication under various wind speed
and heights of the buildings. But, atmospheric turbulence fading, scintillation, and
pointing errors (PE) are the main impairments affecting the performance of FSO commu-
nication systems. Predominantly, the turbulence variation due to wind velocity, refractive
index, and height of buildings has been majorly focused and analyzed for Vellore weather
conditions. A case study has been experimented on how the height of buildings and the
atmosphere around VIT, Vellore campus, affect the transmission of light in free space. The
bit error rate of the proposed system is analyzed with distance, received power for various
wind speed and different heights of the buildings.

Keywords: free space optics, spectrum slicing wavelength division multiplexing
(SS-WDM), bit error rate, atmospheric turbulence

1. Introduction

Free space optics (FSO) is an emerging and promising technology for next-generation wireless

communication applications like short-range indoor wireless communication, back-haul for

wireless cellular networks, last mile access, high-definition television (HDTV) transmission,

and laser communications in space. In comparison with traditional radio frequency communi-

cations, the attractive features in the FSO communications include license-free operation,

simple deployment, high data rate, and high transmission security [1].
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Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



However, the performance of FSO communication systems is extremely dependent of the

atmospheric weather conditions. When the atmospheric channel conditions are poor, then a

transmitted light signal is affected by scattering, absorption, and turbulence. The inhomogene-

ity in the temperature, pressure, and wind speed over the channel varies the refractive index of

the atmosphere and it creates the optical signal intensity fluctuation. The negative impacts of

turbulence include scintillations, phase-front distortions, beam spreading, and beam wander

[2, 3]. Another significant problem with FSO links is that they are relying on the pointing

performance. Errors in tracking systems, mechanical misalignment, and vibrations of the

transmitter beam due to building sway phenomena lead to further performance degradation

as a result of pointing errors (PE) [4].

The effects of atmospheric turbulence can be mitigated by performing aperture averaging or

employing diversity at the receiver. Introducing multiple apertures at the transmitter/or the

receiver provides the multiple-input multiple-output (MIMO) FSO systems potentially have to

enhance performance of the system. The various forms of diversity schemes are temporal,

spatial, and wavelength [5]. Relay-assisted communication is the alternate way to reduce the

effects of turbulences [6]. In order to overcome this issue, certain techniques like SS-WDM

were implemented. It offers high spectral efficiency and a wide coverage area which facilitates

more number of users. It is a scalable network which marks its specialty in the optical net-

working communication area [7].

Spectrum slicing technique is used to modulate the optical signals. The desired spectrum is

being sliced differently in order to modulate the optical signals accordingly and analyze the

spectrum with the respective parameters [8]. Parallel transmission of slicing from a single

broadband noise source has highest potential for creating a multichannel system. Spectrum

slicing has a higher potential for future fiber to home access network which can further be

incorporated in any optical system where low power consumption is preferred [9].

2. System model

The transmitter section comprises pseudo-random bit sequence (PRBS) generator, NRZ pulse

generator, followed by Mach-Zehnder modulator (MZM) and a continuous wave laser,

whereas the receiver consists an APD photodiode and a low-pass Bessel filter. Performance of

the communication link is inspected using BER analyzer. PRBS generates information signal in

the form of binary pulses, i.e., 1010101 and so on which are transformed to electrical signal

thereby directing toward NRZ pulse generator. The conversion of binary pulses to electrical

signals occurs (Figure 1). The WDM FSO link optimizing in this study was used and modified

as details given in [10].

The output of NRZ pulse generator is given to MZM whose other input end receives input

from a continuous wave laser. It converts the electrical signal to an optical signal. The signal is

now boosted using an optical amplifier directly without converting to an electrical signal. The

signal heads through the FSO channel in the form of narrow-beam electromagnetic wave which

is received by a photodetector, converting optical to its corresponding electrical signal. Further,
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a low-pass Bessel filter suppresses the noise which is a dominant part of the signal. Desired

output is achieved at the receiver which is visualized and inspected using BER analyzer [10].

3. Channel model

The atmospheric attenuation and turbulence are the major challenges in FSO communication

system.

3.1. Atmospheric attenuation

The atmospheric attenuation loss modeled by Beers-Lambert law is given as [11]:

hl ¼ e�σL (1)

where σ denotes a wavelength and weather-dependent attenuation coefficient and L is the

propagation distance.

3.2. Atmospheric turbulence

The atmospheric turbulence is classified as weak, moderate, strong, and saturated regimes

based on the variation of refractive index and inhomogeneity. The different mathematical

models are developed to represent the turbulence regimes like log-normal, negative exponen-

tial, and gamma-gamma and M-distribution to represent weak, strong, weak-to-strong, and

generalized turbulences, respectively [12–14]. The atmospheric turbulence models describe the

probability density function statistics of the irradiance fluctuation.

3.2.1. Lognormal

In this model, the statistics of the irradiance fluctuations obeys the log-normal distribution.

This model is characterized by a single scattering event and is best suited for weak turbulence

regime. The PDF can be given as [15, 16]:

Figure 1. Architecture of SS-WDM-FSO communication system.
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where σ2
I is the Rytov varience, I be the field irradiance in turbulent medium while the

intensity in free-space (no turbulence) is represented as I0, and E I½ � is the mean log intensity.

3.2.2. Negative exponential

In this model, the number of independent scattering is very high and it can support for

saturation regime. Therefore, the irradiance fluctuation follows the Rayleigh distribution

entailing negative exponential statistics for the irradiance. The negative exponential PDF can

be given as [15, 16]:

f Ið Þ ¼
1

I0
exp �

I

I0

� �

, I0 > 0 (3)

where E I½ � ¼ I0 is the mean received irradiance.

3.2.3. Gamma-gamma

The atmospheric turbulence is modeled by gamma-gamma distribution with scintillation

parameters α and β, which are indicated as functions of the Rytov variance and a geometry

factor. The PDF of the gamma-gamma channel model is given by [11]:
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where α and β are the effective number of large- and small-scale turbulent eddies, Γ ∙ð Þ is the

gamma function, and K α�βð Þ is the modified Bessel function of the second kind of order

(α� β). The effective number of large- and small-scale turbulent eddies α and β for a spherical

wave is given by [11]:
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where d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

kD2=4L
q

, k ¼ 2π=λ, is the optical wave number with λ being the operational wave-

length, L is the length of the optical link, and D is the receiver’s aperture diameter. The parameter
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δ
2
n is the Rytov variance and is given as: δ2n ¼ 0:5C2

nk
7=6L11=6 and the C2

n represents the refractive

index structure parameter. This model is valid for all turbulence regimes fromweak to strong and

the gamma-gamma distribution approaches negative exponential distribution when it approa-

ches saturation regime [17, 18].

3.2.4. M-distribution

The transmitted signal is scattered due to natural turbulences such as rain, fog, smoke, smog,

and heavy dust particles in the atmospheric channel (AC). The combined effects of fading due

to atmospheric turbulence and misalignment are considered and the combined unconditional

probability density function (PDF) for M-distribution has been derived in [19]. As derived in

[19], the PDF of the irradiance h is given by:
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where μ ¼ 2b0 1� rð Þ is a large-scale scattering parameter, β is the quantity of fading parame-

ter, A0 is the fraction of the collected power at r = 0 (radial distance), Ω
0 ¼ Ωþ 2rb0þ

2
ffiffiffiffiffiffiffiffiffiffiffiffiffi

2rb0Ω
p

cos ϕA � ϕB

� �

be the average power. The amount of scattering power coupled to the

LOS component is denoted by the parameter r and its range from 0 to 1. The parameters

ϕAandϕB are the deterministic phases of the LOS and the coupled-to-LOS component. The

parameters g, A and ak are defined as [19]
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2σs
(8)
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where σs is the pointing error displacement standard deviation at the receiver, wzeq be the

equivalent beam radius and can be calculated by using the relations v ¼ ffiffiffiffi

π
p

a=
ffiffiffi

2
p

wz, wzeq ¼
w2

z

ffiffiffiffi

π
p

erf vð Þ=2ve�v2 , where wz is the beam waist at distance z, a is the radius of a circular

detection aperturture. The gamma-gamma, K-distribution, and negative exponential model

are obtained by the values of the parameter r ¼ 1;Ω0 ¼ 1ð Þ, r ¼ 0;Ω ¼ 0 or β ¼ 1
� �

, and

r ¼ 0;Ω ¼ 0 or α ! ∞ð Þ, respectively.

3.3. Wind speed-induced turbulence

Wind control is a standout among the most essential wellsprings of feasible vitality which is

sustained on a little and additionally extensive scale. It is the most noticeable factor which

weakens the optical signal which propagates over free space [20]. The optical signal blurs as
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the climatic visibility diminishes because of the turbulence which relates the refractive record

nonhomogeneity parameter of the particles introduced in the air. In Ref. [21], the authors

experimented the FSO link which is located at Milesovka hill situated 70 km north to Prague.

It is been seen that flag lessening is conversely relative to meteorological visibility. The visibil-

ity at the transmitter and receiver sites is interfered by the wind speed which can be mathe-

matically modeled using 3D vector where refractive index and rain rate are continuously

recorded which estimate quantitative impact on attenuation.

Atmospheric turbulence brings about irregular change of the refractive index of the light

propagation path. This refractive index change is the immediate final result of arbitrary

discrepancies in atmospheric temperature from point to point [22]. These random temperature

fluctuations are a function of the atmospheric pressure, altitude, and wind speed.

Wind is also persuading the received power of the FSO link signal. Wind, especially wind

turbulences, causes hurdle changes of the atmosphere refractive index which is redistributing

the optical beam of the FSO link. In order to investigate the wind influence on the FSO link

attenuation, we selected important wind parameters influencing the FSO link attenuation due

to this optical energy redistribution.

Therefore, the temperature and wind speeds are measured and the attenuation due to wind

turbulence is calculated. Based on the calculated attenuation, the BER versus received power

and distance is analyzed for various heights of buildings and minimum, maximum wind

speeds.

The relative humidity, minimum, and maximum temperature variation during April 2017 at

Vellore 12.92�N/79.13�E, 267 m is shown in Figure 2. The minimum and maximum tempera-

ture obtained in the month of April 2017 is 21 and 43
�

C. Figure 3 illustrates the speed and

direction of wind during April 2017 at Vellore, India. The direction of wind is represented

using angles 0, 90, 270, and 360
�

for South, West, North, and East, respectively. The minimum

and maximum speed of wind recorded in the month of April 2017 is 2.5 and 26 km/h.

The atmospheric turbulence because of wind speed introduces radical fluctuations in refractive

index that affects the propagation FSO signal [23]. In order to analyze the influence of wind on

Figure 2. Temperature and relative humidity during April 2017 at Vellore, India [23].
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FSO system, the turbulent energy, direction, and velocity of the wind have to be considered.

The turbulent energy of the wind at every direction can be calculated as:

Et ¼
1

2N

X

x� xð Þ2 þ y� yð Þ2 þ z� zð Þ2
h i

(11)

where x, y, z are the given wind speeds in a particular direction, x, y, z are the cumulative wind

speed in any one direction, N be the number of samples, and Et is the turbulent energy. The

turbulent energy represents wind velocity standard deviation. The attenuation caused by the

turbulence can be calculated by a regressive formula which is as follows:

A ¼ 70� 73e�0:2867Et (12)

4. Results and discussion

The BER of the proposed system is analyzed with respect to transmission distance and

received power over various wind speeds and different heights of buildings. The results are

compared with and without spectrum slicing-based WDM FSO system. It shows the impor-

tance of spectrum slicing in WDM-based FSO systems.

This imparts that wind speed in any direction can be correlated to FSO link attenuation. Since

the wind speed affects the propagation of the signal, the height of the buildings also obstructs

the signal transmission. The analysis on how the heights of buildings play a significant role is

deeply inspected in VIT University, Vellore, Tamil Nadu, India. The wind speed velocities have

been captured during the month of April 2017. The current status of the wind has viewed from

meteorological media which gives the flow of wind in every direction. This assists in calculat-

ing the exact direction of wind and has been analyzed using Eqs. (11) and (12) respectively. The

attenuation values have been calculated for maximum and minimum values of the wind

speed. The buildings in VIT for which it has been experimented are Technology Tower (TT),

Silver Jubilee Tower (SJT), GDN, and Rajeswari Tower, which have the range of heights from

10 to 50 m. The graphs have been plotted in order to analyze the effect of turbulence on the

FSO link with building heights of 10 and 80 m. In Vellore region, July to September is the

monsoon season. So, we have considered the rain data from July to September.

Figure 3. Wind speed and direction during April 2017 at Vellore, India [23].
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The BER in terms of transmission distance for four-channel SS-WDM FSO system is illustrated

in Figure 4. The error rate performance is analyzed with respect to various building heights,

minimum and maximum wind speed. From the figure, it is observed that at a height of 10 m,

the BER of 10�10 is achieved at 9 km distance under minimum wind speed. But, for the same

height the same BER can be achieved only at the link range of 2 km under maximum wind

speed. That is, the wind speed decreases the link range about 7 km from the analysis. At 80 m

height, the minimum BER of 10�13 is achieved at 7 and 1 km over minimum and maximum

wind speed, respectively. It is inferred that at both heights, the speed of wind decreases the link

range of an FSO system.

The BER versus received power shown in Figure 5 is the received power analysis done in

Vellore, Tamil Nadu, India. It shows how the received power of an FSO link is affected by

building heights at various wind velocities. As we expected that the received power increases,

the BER decreases. From the figure, it is observed that at a height of 10 m, near the received

power of �70 dBm under influence of minimum wind speed, the BER recorded is 10�9. Near

the received power of �72 dBm, spectrum slicing gives a qualitatively better BER value of 10�6

when the building height is 80 m for maximum wind speed.

In forest area due to high evapotranspiration, that is, the water from the plants, trees, and land

surface are transferred to the atmosphere in the form of gas, optical signal fading will be high.

Because, the phase changed water contents (gas) use to absorb the energy and cool the land

surface and the end result is a high level of turbulence compared with urban areas. Wind

direction can be imagined as a horizontal flow of numerous rotating eddies, that is, turbulent

vortices of various sizes, with each eddy having horizontal and vertical components [24] is

shown in Figure 6. Since the turbulence level is high, the transmitted optical signal scintillation

will be more with the effects of high BER.

Figure 4. BER in terms of distance for Vellore weather conditions affected by wind velocity and building heights.
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Figure 7 demonstrates the BER versus distance plot for forests under the effect of wind speed

at various heights of 15, 33, and 97 m for four-channel system model. At 15 m height, it is

noticed that in case of SS-WDM-FSO, BER value is 10�10 at a distance of 210 km. In case of

WDM-FSO, the BER is 10�8 at the same distance. For a forest height of 33 m, it is seen that a

BER value of 10�6 is achieved at a distance of 10 km, when no spectrum slicing is done on the

system, whereas for the same distance, BER value of nearly 10�7 is obtained when the FSO

channel is subjected to slicing. So, it can be said that slicing the channel does give a consider-

able amount of change in BER values. For forest with tree heights around 97 m under influence

Figure 5. BER versus received power for Vellore weather conditions affected by wind velocity and building heights.

Figure 6. Rotation of turbulent eddies with respect to horizontal wind flow.
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of wind, it is observed that the BER value of 10�10 is obtained at an FSO link length of 10.4 km

and 10�8 at the same distance with and without slicing, respectively. This shows that a low

BER value is obtained in case of spectrum slicing.

5. Conclusion

In this chapter, the SS-WDM FSO system is proposed and the importance of spectrum slicing

on WDM FSO systems is analyzed in terms of average BER. Effect of wind velocity as well as

turbulent energy on various building in VIT University has been deeply studied and results

have been plotted. The performance of the SS-WDM-FSO system is analyzed for various

building heights, wind speeds in terms of distance and received power. It has been observed

that the wind speed and height of buildings decreases the link range of FSO system. It also

affects the BER performance of the system. Also observed is that the spectrum slicing reduced

the number of components and losses. It improves the spectrum efficiency of the system, and it

is compact and cost effective.

Figure 7. BER in terms of distance for forests under influence of wind speeds at various heights of 15, 33, and 97 m for

four-channel model.
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